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Abs tract

The report describes the app licatio n of Lorenta

- 
electron microscopy to the study of structural changes of

amorphous alloys in composition region % Fe &~
l
~20.

Significant changes in the magnetic domain structure can

in certain instances be associated with phase transitions ,

segregation and stress effects to~etlwr with changes in

the amorphicity. The appearance of magnetization ripple

and the formation of regular stripe domain patterns

are examples of  the magnetic structures which can he

observed by defocussing the electron m~~roscope in

th. transmission mode. Parallel observations have been

made using established X—ray and electron diffraction

crystallograp hic techni ques, !ksshauer effect and

differential scanning calorimetr y .
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Pre face

Earlier reports have inc luded an appraisal of scanning

transmission e lec t ron  microscopy as a t e ch n i q u e  in r e l at i o n  to
- conventional transmission electron mi er ose opy ( 1 9 7 7 )  and the

a p p l i c a t i o n  to the stud y of m e t a l l i c  ~ 1.tsses ( 1978) .

In this final report we d e s c r i b e  t he  app l &cation ti f Lorentz

elect ron microscopy t o  t he St udy of amorp II~)Ias m.i t er in  I s w h i c h

since their development  over the past few ve .irs have presented

some problems in the determinat ion of change s in their

mic ros t ruc tu r e  of a number of a l l o y s .  Fe . K , Fe b and
1’ 80 20

Fe76524 have been selected for this report.

The study ~ t h e  ~imorphous st. itt has t aken on a greater

significan ce in recent years with the duv .Iopmen t a of method s

of prod uc ing in qu . ln t  I t V , .Imo r pfb oeI S S~~~’C I men s of  mate r  in  I S

norm.iilly c~’n s i d e r e d  ts • r v s t  .i1 I i n c  ; i n  p . i r t  i i  u l i x  seimi of t h e

met a l s  of t r i d ’ i s t r i . x I im p o r t  .xn ~ c st~~ h i~~ ir on . F a : i t x , r e s  su ch  as

the degree of  t he  ir iorp h i  c i t  v , t h e  ext ent of m y  s t r u c t u r a l

orientation , the I e t o f  st  r~~ss .,r c 1 i .mr l y of some

importance in the s t r u c t u r a l  ana l y s i s  and is’o s sment of these

mate r i a l s .  The s’cr v ~ act  of  t h i s  .uts rp h i  u i ty  mean s tha t  s ince
some of the ‘n o r m a l ’  t e c h n i q u e s  . i v a i l . m b l e  in  t h e  e x am i n a t i o n  of

crystal line m a t e r i a l s  may be r e s t r i c i ed or may not be . m va i l a h l e ,
it  is import an t  t h a t  use should be’ made of a d i  it  ion .i I methods

of approach. This report  desc ribes  t h e  app l i c a t i o n  of Lorentz

electron microscopy  t o  th i s  pr oble m by the observation of the

m a g n e t i c  st r u c t u r e  of some of t h . amorp hou s a! loys  of i ron—boron.

The magnet ic  domain s t r u c t u r e  of .i f e r r om a g n e t i c  m a t e r i a l
• is intimately related to i t s  ph y s i cal d imens i on s an d to  the

existence of anisot ropic properties . i s s o c i , i t t l  w i t h  features of

atomic arrangements (crystal structure), mi rostructure or

stresses. Different crystalline phases and , indeed , amorphous

and crystalline phases are usually distinguished from each other

by diffraction method s using X-rays, neutrons or electrons and



also , in some case , by metal  lographic observat ion.

Investigations using Lorentz electron microscopy have shown that

the form of the magnetic domain structure , imaged simply by

operating the electron microscope in s defocussed  setting, can

distinguish between cr yst alline phases at h i g h  resolution. In

- 
order to illustrate the technique w i t h o u t  t h e  comp i b a t  ion of

a~ ,rphicity we use a c r y s t a l l i n e  m a t e r i a l  — t e l c i l t .  Figure ri

shows a thin f o i l  of po lycryst all ine cohilt where the image of

the domain structure is seen as a set of black and white lines

which originate in an “over lapping ” of t h e  !~;m g n c t  ic domains

and a del m eat ion of the boundar ies  ( “doma in  walls ”) between

neighbouring d o mai n s .  I t  i s  c l e a r  t h a t  t h e  parallel array of

lines in the hexagonal h . c .p . )  areas (marked H) form a

different pattern t~~ l i n e s  in  the c u b i c  ( f . c .c.) areas

(marked F) wh I b in p l c - cs meet each  o t h er  it  t ri p 1 e j u n c t i o n .
Simil ar di It or en eS in domain  p a t t e r n  a)  so ec c mi r , of course , as

a fu n c t  ion of t cmper . 1t n r c  whe n a p hase  t m u st  ormat i o n  occurs.

In cant r a st  .mmor phocis  mater i i  Is are  ii ’n — c r v s t  .c l  I m e  and

have a random at  omic  ar r an g e m e n t  , at lo.i~ t m t  long range- , and

a l t h o u g h i sot rep Ic - magnet  i c pr op er t lea  m i g h t  he expected

observed magnet I c  el ’main  at ru c tur~-s would smi ;,~ :est  , in  gene ra l

the presence of a n i c o t  r ep i t - s ~h i c h  ii e not .lssoc I at ed w i t h  l ong

range  atom ic o r d e r .  T h i s  k I ;~d of in f o r m a t  ion would  n ot  be

read i l y a v a i l a b l e  f r om d i f f r a c t i o n  m e a s ur em ent s . as the  p r esence

of conpos it lon a I or a t m c  u r n )  t han ~~o S it short ran ge and any

associa ted  s t r e s s e s  ar e  d i f f i c u l t  to f r t s ~ t . Th I s  report

descr ibes  th e t m - s u I t s  of an i n v e s t  i g . I t  ion in  w h i c h  one of the

o b j e c t i v e s  was t o  exp lore the sensitivity of el e c t r o n  microscope

images of e l e c t  r oma gne t I c s t ruc tu re s  t o  such e f f e c t s  on

• annealing some amorp h u i ;  alloys of i ron . Such systems should

e x h i b i t  s u i t a b l y  minor  changes in  t h e i r  at omic  arrangements

during annealing and crvs tallizat ion w h i c h  may be of

si g n i f i  . m e  in their m a c r os co pi c  behav iou r .

2
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1

I. Introduct ion

The purpose of this report is to describe and discuss the

results of an electron microscope invest i gation of the magnetic

domain st ructure and physical micr o stru ct ur e in some amorphous

magnetic alloys rapidly quenched from t h e  li quid. This

• particular choice of investigati on i ’. in extreme l y timely ciiw

and is pert inent to the genera! aim ot this projec t in which a

correlation between electromagnetic structures and

microstructures at high resolution was sought .

Amorp hous f e r ro  m a g n e t i c  a l l o y s  of t h e  Metglas type 1 were

chosen as sub jec t  ma te r  i a! he~ . m m i s o s i ib t  le -h . i i i ~~t s  in a t o m i c

ar rangements  and c r y s t a l  I i z a t  i on  b e h av i o u r  occur  on therm a l

r e l a x a t i o n  and a n n e a l i n g .  I t  wa s f e l t  t h a t , as in amorp hous

magnetic films depe s I ted f rom t h e  v a p o u r  p hase , these  changes

~~uld be .Iccc ~~p .in i d by  r I - it ed t rami s ernm .it ions in  t he  magnet  Ic

domain s t r u c t u r c ~~. A lso , it was hoped th a t t ile ;n ss ibi lit y

that any changes in m a g n e t i c  S t r t m t u r t ’  m i g h t  be .is c q u . a l l y
senSitive as d i tf r a ~ t ion m e a s u r e m e n t s t o  . m l l c r a t  i o n s  in  . I t ’ T h i c

arrangement s and c han g e s  of 1111.1 se ~~~~ l~I be t e s t  ed on t t i ,  so

materials. Previous invest i g ; m t  i u u ~s s u g ,~e s t ed  t h a t  t h is  might

be the case. In cont r.ist t o  as —dep ’ s i t e d  . m r s ’I  ;di nis mat e r  in  Is ,

cow l icat  ions f r o m  m m c  rost t i m c  t ur.i I I nh4ltm C~ , f l o  it It ( i  • e . density

~~d, possibly, compositiona l Inc m a t  i on s )  a re e s s e n t i a l l y

avoided in these all oys quenched f rom t h e  l i q u i d  ph.’ise.

In the main, attention has  been c o n o . • n t m . -mte d on

co~~~osi t ions  of the t ype Fe
l (x) X

B
* 

and in part I i  u l a r ,

Fe84B16, Fe 8~ h20 and Fe 7~~K , , . T h i s  c h o i ce  from the general

co~~osition range (Ve,Co,Ni) 1~~ 
(B,P,C) afford s .as simple a

chemical co~~osition as possible and suggests .in ea sil y

• characterised crystal lization behaviour.

This project is not only of fundamental interest , but the

result s obtained may be significant for the conmiercial

application of these materials. In the m e l t  spun ribbon Ions

3
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(see ~ 2), they are approaching competitiveness with available

crystalline materials in t h e i r  e l ec t r i c a l , mechan i ca l ,

corrosion resistance and , especiall y, m a g n e t i c 4 
prop er t i .s.

Alloys of t he comp o s i t i o n s  l i s t e d  above •mre~ of particul ar

interest as the y exh ibit h ig h magnet ic sateitat ion , tow

coercivity , good thermal s t a b i l i t y  m d  o u t s t a n d i n g  m e c h a n i ca l

proper t ies .  Low f i e l d  p r o p er t I e s  anti !n.,~~ I l ( - t  il . .-it ion behav i our

are m t  imat ely connec ted  wit h doma i n  s f 1  u t t i r e  and its

interaction wit h m i c r o s t r u e t u r a l  t e . l t  ‘l i e s .

Only a limi ted range of amor pttotis 111e v compositions can

be made by rap id so l i d  i t  I c  a t  Ion f r o m  t h  I i q e m i d .  T h i s  range

is g e n e r a l l y  cent r ed rou n d  t h e  c ut  Cc t I elmpos it ion

Th80Me20 where the tr ansit ion met i i  TM — I i  ,(‘o ,N i  ,Cr e t c . and

the met.il b i d  Mt~ • tt , ~ , C or S i .  I n  ~~~~ it i n i  t he ou t  o c t  I c

temperature i s  p i r t  i c u l a r l v  low in  t ii , - ., S V s t C T h S.  t~ t t ie r

f . i c t o r s , such is t h e  c m  sc osit v of t h e  melt .ind t i m e . t i .-n l , -~i v

for th e  r I t  o uneler cool  - i i  S C ’  pr i -v . i ) t  , v . t  .13 I i ~ t i ,lfl.

The I scuss ion of ~~ i- ..l . i t  ‘ C I  5 ’O  1’ I j c ’ hotim a in tnt

m ic ro st  r u - t u r n !  t t . in ~~os in  t u b  s r e - p o t  i S a i ~~ 1n-flt C I  t ’V

inform ati on g i v i n by  - o c r  i v i t  v m e . l s t m t  it  S ( h t . I i ’ i . d l I c

others )  and some d i f f e r e n t  i c i  u i n n i n g  .i 1 ’r  i~r n t  ry  and

Mo ssbauer mcasur  e -n wnt  ‘i~ “ i t  spo I men ‘~~~l t ~~ j  i i

2 .  Specimen Pte ~~a rn t  i o n  .unl Fxper im, emt 1 I l r ~~~ o t l i l r e

• The me It —spun r I bhein s se r o  f . ibr I c i t  , - . i t  t he

G.E. Research and De ve l opmen t  I iber it o t  Ii’ l’v a single

operat ion process.  The r e q u i r e m e n t  h i t  rap id que n c h i n g
— ( lO6Ks I) controls t h e  t h i ck n e s s  of r i b b o n  c on t a i n e d  and ,

with present t e c h n o l o g y ,  t h i s  s of t h e  order I ~~~~~ g i v i n g

a cross section of 2 or 3 nm by SO~m . The det a ils of the

spinning process are given elsewhere~
’.

Thin foils for transmission electron microscopy were

prepared by elcctropo lishing t o  pe r fe ’r at i ”n .1 2nmi x 2 nmi piece

4 
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of ribbon in a comaercical, automatic electropolishin g

apparatus (Struers  Vickers Ltd.). A suitable electrolyte was

found to be 90 parts glacial acetic acid and 10 parts

p.rchloric acid (by volume) cooled to about 5°C. For

differential scanning calorimetry small pieces (~ 4 tug in

weight) were cut from the master ribbons and some

magnetization and MSssbauer spectroacopy measurements , we re

carried out on similar pieces.

Electron microscopy and electron diffraction was carried

out in J.E.O.L. 200A and AEI Kratos EM7 electron microscopes

at 200 keV and 1 MeV respectively. Both instruments are equipped

with in—situ heating stages for annealing experiments and can

operate in the Lorentz mode. The 2O~)A a l s o  has an i n — s i t u

magnetization stage wt~ich was used for several magnetization

experiments on the thin foils. This equi pment is capable of

producing magnetizing fields of the order of 400 Oc. Differential

scanning calorimetry measurements were obtained using a

Du Pon t 990 therma l ana lyser with DSC cell. Some Mossbaue r

experiments were performed on a constant—acceleration

spectrometer (in conjunction with a 1024 multichannel analyser)

at the Solid State Physics Laboratory, t’nivers itv of Croningen ,

Netherlands. The source used was Co57 in Pd matrix.

3. Results

In the following Sections we describe the results of a

stud y of the micr ostructural and related d omain changes in

annealed 
~~76~24’ 

Fe~~320 and Fe84B16 alloy specimens.

3.1 Microstructural changes during~ annea1inj~
During dynamic annealing the images of Fe84316 

specimens

suddenly show what at low magnification may be appropriately

termed — a charact eristic mottling (Fig. Ia). This  may

occur anywhere In the range 330 - 370°C depending upon the

5
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heating rate and the annealing time at temperature. At

higher magnification (Fig. lb) the mottling is seen to mark

the onset of crystallization and , as deduced from the

diffr action pattern , represents the primary cry stalli zation of

n—iron (b.c.e.). This behav iour is consistent with previous

work on hi gh iron content alloys6.

A not dissim ilar change is seen in Fe
~~
8
20 alloys but

crystallizat ion starts at a hi gher temperature (350—420°C) for
the same t ime of anneal. However, the formation of local

regions of n—Fe takes place on a much coarser scale (Fig. 2).

This primary crv st.ellizat ii’n of n—iron has not been reported

in othe r published data on Fc~~820 alloys
5. On the other hand

it should he noted that differential scanning calorimetry

plots for both FC B4BIh and Fe~~B20 
(see S 3.5) show exotherms

with a shape precisely as seen In other investigations 7. The
sequence of transformation in Fe76B24 alloy is similar , but

the precipitated amount of iFe (Fig. 3) is very small compared

with Fe
84516 and Fe~~,B20 alloys . Also the crystallization takes

p lace at a temperature (!.5S°C) hi gher than in the other two

composi t ions.

TI specimens in this initial crystallization state are nov

annealed at a slig htly highe r temperature , a further marked

change occur s . This st ep is chara cteri r.ed, by the formation of

spheruUtes (Fig. 4). It is believed that the spherulltes

represent a eutectic crystalli zation of Fe3B and n—Fe (or

possibly a polymorphous crystallization of Fe3B) which is
initiated when the matrix reaches the stoichiometric

composition Fe73B2~,
. As is shown in Fig. 4 the spherulites

and initi*l n—Fe nuclei co—exist. Diffrac t ion patterns from

the ipherulites show clearly the presence of tetragonal F•31

(Appendix U .  The spherulitee consist of a series of columns

which diverge radially from their centre. Although discrete ,

6
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the colui~~s have similar crystallograp hic orientation as

indicated by the single crystal nature of the diffraction

patterns. Bend extinction contours are visible in the

epher uli tes .

If specimens are now raised In t e m p e r a t u r e  the

crystallization proceeds not by the f o r m a t i o n  of many new

spheruli tes , but by the rap id Br owth of t l i ’i~ a l r c~ dy p r e sen t

As th ey expand , the ma t r ix  with its i -Fe is  consumed , u n t i l

the whole specimen is crystalline .

3.1.1 Differential Scanning Calorimetry

This is a technique widely used on b u l k  specimens t o

investigate the crystallization process
8
. ‘..o have used the

calorimeter on the as—received ribbons of Fi B and Fe BA~ 16 80 20
alloys . 8oth the alloys ahoy exotherms with a shape

characteristic of those ob taincd in o the r  i n v e s t i g . i t i on s6.

However , unlike the Fe 84816 a l l o y ,  Fe~~)B2() does not have a

shoulder at lover temperatures Dig. 5) ac i s a t el l i t e  to the

main c r y s t a l l i z a t i o n  peak . As .i technique DSC measures

macroscopic properties and is therefore less sensiti ve to the

onset of crystallization than the electron microsc ope . This

feature , togethe r w i t h  the r equ i r emen t  of thin ‘~pceimcns means

that data obtained wi th the microscope is not always consistent

with that reported on bulk samples.

3.1.2 M8ssbauer Studies

M~ssbauer spectros copy 9 h as  been used t o  i nv c st i ~.ate the

interna l f ie lds  wi th in  the r ibbon  samp les .  The i n t e r n a l  f i e l d

is sensitive both to the d i s t r i bu t ion  of ir on , and i t s

environment , in the specimen , and can therefore detect  the

d.gr .. of c r y s t a l l i n i t y .  Fi gure 69 , 6 show s Mlls sbauer

spectroscopy from two Fe 8,, B 16 specimens a f t e r  heat treatment

7



for 5 minutes. It can he seen from the figure that the

precipitated amount of i-Fe is dependent on the annealing

temperature  . The amount of t -Fe was estimated to be 2.SX for

the spt.t-j r’ien heat—tr e.ite d at 673 K and 0 .9% f o r  the  one which

was he at— to atid at 663 K. This result is  consistent with that
r ep or t o ~l by Keiiwnv et al ’0. It should be noted that M l3ssbauer

spectroscopy w i t h  i s  hi~ ?i sens i t i v i t y ,  is particularl y useful

for  low t e m p e r a t u r e  an n e . i l in g  behaviour of the glassy alloys.

The s t ru c t u ra l  changes at b y  temperatures are too slight to be

Slot  , u t e~ h v  ! I

3.2 l)om.iin S t u d i e s

3 .2 .1  Vi ~ j~jn F oj 1~
V i r g i n s;-.,~~ i rie i s ~~t i l l  the .ilbovs ex.imined show the same

featureless m i cr t ctructii re (Fig. 7a), a consequence of t he i r

amorphous nature. The o n l y  no t able  except i on has been in some
(NiF e)

&~~,0 
specimens ~hcr e i degree of crystall inity has been

det e c t e d  — this m u s t  he itt r ih ii ted to an i m p er f e c t  f a b r i c a t i o n

7rO i - . l u re .

The .innrp hous n . i t i a r t~ o~ t h e  specimens a l so  imposes a

ch.~ra te ristic rcmanent dt-snain s t r u c t u r e  w h i c h  i s  typ ical  of all

the  c omp o s it i o n s  o h c e r v v l .  The characteri stic of the remanen t

domain structure may he surwiiari zed as fo l lows :
(I) The magnetization is .nnfined to the plane of the specimen

and its •~ir ecti ’n &c isotropic wit h in that plane.

( 2 )  Clearl y observed d omain walls including cross tie walls

ex i s t  w i t h i n  the “ i t e r i a l .
(1) The domains are f a i r l y  l a rge , of the order of tens of

microns — except in the vicinity of cracks, edges and holes.
In such ireas the domain structure is more complicated,

and determined by l o ca l  magnetostatic effects15. For

examp le , f l u x  c l n s i n g  domains may he observed which for.

to r iduce magne to sta t i c  energy .

8



(4) Within the domains there is no si gn of m ag n e t i z a t i o n

dispersion, i.e. ‘ripp le ’ which precludes any variation

in magnetization direction on the micron scale.

It should also be noted that t h er e  i s  no sign of maze or

stripe domains which ar. frequently observed 12 in the as—received

ribbons before electrol ytic thinning . In  suimnary the remanent
domain structures are characterizt d by planar i so t ropy  and are

remarkabl y s~ m i lar t o  those  seen in lar :,~e grain low—a nis otropy

c r y s t a l l i n e  mate~~ia l s , such as l er m in v a r  ( F e : C o : N i  34 :23 :43 ) .

A series of m i c r o~ r ap hs i l l u s t r a t i n g  the  .d~~~e f e a t u r e s  is
shown in Fig. 7b-e.

3.2.2 Domain Oh serva tions on Anne aling

No sensib le chan g e s  in domain s t r u c t u r e  0 - a r  u n t i l  a

tempe ra tu re  is reached where  n”c I i  t i F e  b e g i n  to  f o r m  i:i

the m a t r i x  - At t h i s  j u n c t u r e  I r en t  7 r~i c r o ccopy show s

magneti zation rip ~ le 13 in Fc~~~b 16 
and Fe

~~)
B,O a l l o y s

(Fig. 8). The wavelet~gt%~ of the r i pp le  i s  lum and i s  seen
in both alloys. H ow e v e r , c!u re~ is no v~ dcn ol su~~h r i p p l e

in Fe76
g2, alloy .

Thereafter the dor~ii  n i t  r u e  t u r e  ~ t Fc~~) R ,)  and ~
specimens diverge significantl y as t h e  t emp e r a t u r e  i s  r a i s e d .

Moit spectacularly, at a temperature of V~0 ’C in  the  latter , i

somewhat i r r e g u l a r  st r i pe ’5 doma in  s t r u c t u re  i s  seen t form

over a wide area of the speci—c :~ (Fig. 9a). At a lower

magnification (Fig. ~h) the stripe d omains arc observed to

co—exis t  w i t h  m a in  domain walls and their m u t u a l  o r i e n t a t i o n

would i n d i c a t e  that the stri pe domain  p at t e r n  i s  of the type
designated weak 14 . This impl i e s  that t’~e ~a)ret i .~ation

osc i l l a t e s  in and out  c f  the f i l m  p l ane . The wave l eng th  of

the osc i l l a to ry  s t r u c t u r e  is ~ 5000 X .  The presence of stripe

domain. implies the existence i f  some ani sotrepv perpendicular

to the fil, plane . The origin of this anisotropv is discussed9



below.

As t~~~’ t emper ure of the specimen i s  r a i s e d  to  ~ value

where sph e r u l it e  formation is initi a ted the spiierulites artS

f ound to  contain no stri pe domain (Fig. 9h) .  Howeve r th e

sphe r u l i tes , whi l e  i n i t i a l l y  of s i a g le’ d o m a i n  s i ze , s o n  g r ow

to a s ize where t hey do support a d o m a i n  s t r u c t u re .  As

crystallizatio n proceeds to i t s  conclusion the specimens are

observed to h.we a domain structur e typ ical ci large grain

crystalline materials.

No stri pe domains it all can be created in the lower iron

content specimens , Fe~~ B70. As the t emperature is raised the

ri pp le persists but is gradu.ill y destroyed by the’ nucleation and

growth of  sp h e r u l i t e s .  The u l t i m a t e  dor~.i i n  s t r u c t u r e  i s

therefore simil ar in tbc fully c r v s t ; i l l i : e ~ specie , of bot h

alloys studied .

3.2.3. F i e ’l d Fx~p e r i r e n t s

The domain walls in v i :  ~in sp~ i :aen mar he maved easily

by the app l i  it ion of 1 f i e l d s  w i t h i n  t h e  ~n i r oscope . However

the f i e l d s  required t o  )b( u n  sat urat i n  .u e ~u n c ra1 ly  ~ 10 Oe

imp ly ia .~ t h a t  the  c o e r e i v i t v  is probabl y .ihoiit 3 U t .  Th i s  is a

val ue consi lerab l y higher t h i n  t h a t  n o r m a l l y  Teport4d for

as—received r ibht’n (\  0 . 1 Ui’) and he d j s c  i c p i 1 i u y must he

m a i n l y  a t t r i b u t e d  c the  t l u i n n e s s u t  he  r~i r o s r o p e  specimens.

The spe ci ~en s may a I so be .i — e demagnet  i zcd in—situ but t h e

remanent doma in ,t r u . c t ’ u r e  s ho ws  ac not ab l e  ch . ir ac te r  i st i~ othe r

than those ~l c s c r i l~~d prev i o u s l y in se’ ion 3 .2 . 1 .

The domain s t r u c t u re s  d e s c r i b e  above represent remanent

c o n f i g u ra t i o n s  at high temperatures but magnetic fields have

• been applied in—situ to annealed specimens u t  room t emperature.

Some microgr.iphs f r o m a ‘run ’ performed on a partially

c r y s t a l l i z e d  Fe 84
l~16 

f i l m  c o n t a i n i n g  sp h e r u i l i t e s  is sho im in

Fig. 10. As already s ta ted  the sp h e ru l i te s , while capable of

10
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support  ing d om..uin w a l l s  (see  A) , do t i u  r e n t . ,  in  s t r i p e  domains

— these are confined t o  t h e  mat r i ~. . Thern s t  r i c  domains .lre

e a s i l y  removed l iv app l i ii  ion it  a I h i t  in  t he .ippropr i i t

• - dir ection (Fig. 1 u ~ ). A residual ripp le i s  RO t  w i t h i n  t h ~
m a t r i x .  It  may b -  not eel C rem F i g .  1(’h t hat  w a l l s  w it b i n  t h e

ap heru lit e c38 .iI s he flk ’Ved .‘ .ou i i  v . A p j . ar e n l  1 y ‘ lie pre si tu  e

of spherul ites doi s u t  s i gfli 1 ant Lv i i i  r . . l s e  C lu o u r i v i  t v

of the fo il ~~~~~~~~~ t h e  C i c  ld i s r u ;:k ve , t  t it st  r i p diima cut

structure is re. ‘v e n d a l t h o u g h , of i t t  se , t t i e r t.~ i re’

diffe rences i t t  d e t a i l  d i e  t o  h y s t e r e t s .

4 . D i s c u s s i on  of M j c r ’st t u t~ :r .i 1 en d R e l a t t i  l ) o r n a i n  Fe it  u r e a

The d i v e  I j ime t t i t  t h e  t V st i i  1 i ..it Ion  tm t i . . n  cur i s

l a r g e l y  in . i g r e , ’rsaut  w i t  C p r e v i  ansI’. port ~~! u

( a p a r t  f rom the pu m a t  C t v s t 1 1 1 i 7 . a !  i~~~ ‘ i — i e  i q  r H
a t )  ~~ i

and Is  c~’ri c e ‘— t  ten t wit Ii t t ie  ~. ca. t u s  d c e ’ i • i t b’. r i t  a l  -

Th c h ang .  in  d na c Ii st  i t o t  u 4 ~ .. C • r .  ‘. I ’ i  l v  r p . ’: 1 e l  C

. 1 .  .‘rip .iti v t~~ the a f l t u t ,i I ung p i  a c C i t t  .u . ~ t cur e 1 . u t ,  i n st  i:1~:

espec i a l l  v t lii c r c  i t  io:~ i t  n . u c a  C I; o t i pp 1. .I n I hi

e ’X i s t e f l i e of  ~t u  i pe to’-t t h i s .  a n . 1 . , !  l v  
~~

; .  i~i a ,~ the ! r a l n

s t r u c t u n e ~ ot wv . p .  nr.. :~ i s  ,.c u u s j t  ~ t ’  I t s  n . u t . r i . i l  p r p u l t  t t 5

t a t  t h i r e t r u ’ C . ’ • b s e r v a t  I t t  i t  I. n i  i t i  • t i  pr v i 1 .

signifi cant i n C  ‘u n i t  ion .,b n t  t h e  m i c ,  t r u  t t i c  ~~~ Ct may a

be obv ious  t h r ’ ,~:h it  her ra l;n; , .. ~ . i n  t ~~ . C i  C r i C i on p i t  t . rn .

Thu s the prt i c r  e ‘1 r I ppl t’ 1 • n t  ru , . c l u e ?  I .~ i t  i or , (I i  pc’ rc i en

and on’ 1 ik e l v  c u ts .  ‘ t  t he’ di spe r s i n  i s .  : . iua ion  s v . t  cur

st r e  c st s se t  ‘u p i n  lie spe i im ucs . Si  ii. .‘ t lii i i i  ‘.j u ,  u on appe ar s

wi th the ‘ a c t of p r i m a r y  crv qt. ,l Ii; .it i n  i t  . l p p e a T s p r oh ib I t ’

th at this nut- h i t  ion is as~ociated with u u u i .  r ’stresse-s . The

absence 0 r i pp le  i n  v i r g i n  spec imcns m i  it i s that thet e are

either no f u n  t u a t i o n s  in  ma g n e t i z a t ion  d i r e c t io n  a s so c i a t e d

with structural (i.e. atomic) d i s o r d e r  “i a scale 0—20 X or

• that , i f  present • any resultant flux ehan g . c ire near the

11



e f f e c t i v e  re solut ion l i m i t  of Lorentz microscopy.

It  has been noted that the ripple is produced in a l l  a l loy

compositions except Fe76
82,. The absence of ripplies in

is attributed to the very low amount of precipitated

o—Fe and hence the lack of aasoc i .eted mi c r ost r e • s ae s .  The

appearance of stri pe domain structures i s  l i m i t e d  to  one

composition on ly .  In fact the p r e s e nc e  of .i weak stri pe

structure , which of necessity requires some sort of

perpendicular  anisotropy , is somewhat problematic. It clearly

depends on iron content and probabl y upon the nucleation

d e n s i t y  of t he  p r i m a r y  c r y s t a l l i z a t i o n .  Th i s  suggests  t ha t

dense mottlin g, as seen in Fet
H .~~lb , 

might be accompa nied by
stress and/or structural ch.inges, such as columnar growth or

some other form of non—equiaxed growt h , whi ch can produce

stripe domains. This unidirectional olunrnar growt h and

consequent domain str ut ture is subsequen t  l v  t e s t  roved or

t r an s fo rme d when sp l.e ~r u l i t e s  n u c l e a t e  and f o r m  an a r ray  of

radially directed columnar cells.

Bending s t r e s s e s  w i l l  a l s o  be present in tht t u r n s  but

are unlike l y to be d i s t r i b u t e d  in su. -h  a w a y  as t o  give ’ s t r i pe

d omains over t h e  large areas in whi th thi v are  observed t o

occur. Moreover , since these stres ses .lre’ pre sent in a l l

samp les and the magnet el as tic constants 1 Fe
84
816, Fe~~B20

and Fe76R24 are not dis sim ila r 1” , it is  d i f f i c u l t  t o  exp l a i n

w hy ,  on this b a s i s , t h e  s t r i p e  d om a i n s  1.’ not  occur  in t he

Fe~~B20 and Fe 7h K,4 compo sition s .

It must be admit t el  that the part i .iI Iv  c r y s t a l l i z e d

specimens are inhomogeneous in many respects (e.g. composition ,

magnetization values , stresses etc) and t o  tie down the precise

mechanism respons ible for stripe format i on will not be easy.

Whatev er the physical conditions necessary for stripe

domain (and ripp le) forma tion , observation proves that they

are destroyed by the nucleation and subsequent growth of

12



spheru li tes .  This is not too d i fti cu lt to cut u i - i v e  of , since

rapid grain growth at elevated t emperature produces a more

homogeneous m icr o s t r u c t u re .  (The presence of bend extinction

contours testifies to this assertion). As a result the

fluctuations in stress , composition etc . exi s tin g on a scale of

0.1 — 1~m are eliminated .

The magnetic properties of the ep herulites , especially in

their early stages of life , Ire .11 int e tis t . Preswnabl y, they

are i n i t i a l l y  s i n g l e  domains and t L, er cti u r ’  l i k e l y  to  increase
co er c i vi ty .  However , unlike permanent magnets ,where the end

particles are found within non —ma gnetic matrix , the matrix

in FeB alloys is itself magnetic . This means the single

domain particle size is fa irl y large (a. 1 ,Jrn) because’ the

ma trix .cnd sp he rulcte have m a g n e t i 7 a t l . ’-u va lues d i l t e r i n g  b y

only a modest .-cmaunt . As .i result the impact a t  t he s e

particles within th.~ ma trix is not, t o o  dr . i s t  i as f a r  as

dyn amic magnet i z at  ion properties art’ u ’o uu erned . It is

suggested that the cvjdc~ e’e presented in 3.4 supports this

conclus ion.

5. Conclusions

The c~rre lat ion bet wecn rn.I~~ni  t c i - doina in s t r u c t u r e  and the

physical m icrost ruic tu re at some anneali ’l amorphous FC
l~~)_x

B
x

alloys has been investigated with electron microscopy. On

account of their potenti al app lic ations thece materials can be

properly described i t;  e l e c t r o m a g n e t i c  s t r u c t u r e s .

The study has shown that dynamic annealing of the a l l o y s

doe s result in characteristi c and r e p r o d u c i b l e  changes in

aicrostructure . Moreover these changes are then responsible

for important and drastic changes in the domain structure .

Some of the latter , e.g. the formation of stri pe domains, are .

to say the least unexpected , and not predicted by any current

meta l lu rg ica l /magne t i c  theor ies .  The cre .ition of a stripe

13
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structure lend s credence to t he  asser t  ion that the domain

structure can be just as sensitive as indicator as diffraction

data of subtle microstructural variat ions. This we consider

to be one of the  values of Lorentz  t r a n s m i s s i o n  microscopy .

While the work has been mainly confined to t h i n  f o i l s , the

results are certainly not trrelevant to bulk material. It is

true that weak s t r i p e  dolnatn f o r m a t i o n  .is found here is a thin

film phenomenon , but there is no reason why some typ e of three

dimension ri pple dispersion should not occur in as—received

Mecglas ribbons. For hig her iron content aLloys the formation

of ripp le is observed .lt t a i r l y  low tempera ture  (“- 300°C) wh ich

migh t pose problems in some t e c h n i c a l  a p p l i c a t i o n s  of the

material.

14
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TABLE!

OBSERVED AND ACTU AL DATA FOR Fe 311 PHASE

BODY-C ENTRED TETRACONAL CELL

a — 8.64 X , c — 4.28 k

INDiCES INTERPLANAR SPACING ( X )

h k t OBSERVED ACTUAL

101 3.86 3.84
211 2.87 2. 87
110 6 .08 6.10
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app endix  I

i d e n t i f i ca t i on  of Fe 3B PhaseS

Fi g. Al shows a t y p ica l  d i f f r a c t i o n  pattern observed using

a high tilt gon i ometer facility of the  microscope. The phase

is una~~iguou sI y identified ti , be Fe 38. The procedure fo l l o w e d

is as be low .

Interp lanar spacing (d) is given by:

2 ) L
d 

D 
( 1)

where 2 L — camera c o n s t an t

D d i s t a f l c e  b etwe en  spots on e i t h e r  s ide of the

cent re

Came ra c o n s t a n t  was de termine d ;
~s in g  i— F e ma t r i x  as a

‘b u i l t — i n ’ s t a n d .ir d  .and i t s  v.i l i i , ’ was found to be 1.040 cm X.

Values uf d s p a c in g s  were (‘ a lc u l a t c ’~! from thc relationship 1 .

Table  I sho w s the list ot the observed and actual inter— p lanar

spacings . From the t a b l e  I , t her e  i s  ~o~ d ag reement between

t he observed and ac tua l va l ue s .
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Diagrams
Fig. P1 Domain structure in a cobal t  f o i l

Fig. I Mottling due to primary crystalliza tion of

a— iron in Fe
84

B
16

FIg. 2 Mott ling in Fe
80

B
20

Fig. 3 Mot t l i ng  due to pr imary  c r y s t a l l iz a t i o n  of ct—iron
in Fe

76
B24

Fig. 4 Sph er u l it i c  formation in Fe
80

8
Fig. 5 DSC plots of FeB alloys

Fig. 6 Mossbauer spectra of Fe84
8
16 

a l l o y s
Pig . is Microstructure of an amorphous FeB v i rg in  f o i l
Fig. 7b—7e T y p i c a l  r emanent  domain s t r u ct u r e s  in v i r g i n

FeB f o i l s
Fig. 8 Ri pp le s t r u ct u r e  in anr %e.a l ed Fe

84
H 16

Fig. 9 S t r ipe  dom.- i ins  in annealed Ft!
5

, H 16
Fig. 10 Anne a l ed  Fe $4 B lb  f o i l  in  an applied p lanar

fi t ’ld

(a )  0 Oe (b) ~ Oe ( c )  10 ~~~ ‘ (d) 16 Oe
(e) 6 Oe (f) 0 Oe

Fig. Al Diffraction pattern fr~~n Fe 18 phase

Table 1 Diffraction dat a for Fe
3
8 phase

I

19

~~~~~ 
_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



1~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _

Staff involved in rese .trch

R.S. Tebble Professor of Phy sics

P.J. Grundy Senior Lecturer in Physics

G.A. Jones Lecturer in Physi cs

A.R. Bhatti Research O f f i c e r

20

- I ——..- —~~~- - - -  — — —---~ 
.— ____

1
_____ ----—--—- - - —--- ,—  ____



rr w — —

a

* ~~~~~
.p
.

.. , ) . 

I

I

pm

FIG URE P1 DOMAIN STRUCTURE IN A COBALT FOIL



lo

a.

-
~~~ .~~~~~~.

- ,..--~~~~.

— 

a ,~~h 
~~~~~~

r .

_ lb

a •

‘;
,
;

,,
~

t . 

:t.
. S : .~~~~

i!
~~~

*f
~ 

.

FIGURE 1 MOTTLING DUE TO PRIMARY CRYSTALLIZAT ION OF

-FE IN FE84B1f (DIFFER ENT MAG NIFICAT ION)



!‘7 
-- 

~~~~~ 

~~~1

.4

‘ . 5

I

-

FIGURE 2 MOTTLING IN FE8~B20

t

a ~: 

~~~~~~~~~~~~~~~ 
-

~~~~~~~~~~ S

.

O.5Pm

S 

,

FIGURE 3 MOTTLING IN FE76824
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FIGURE 14 SPHERULLITE FORMAT ION IN FE8~B20
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